Plasticizers can persist during the treatment of wastewaters in sewage treatment plants (STPs) and can be discharged in effluents and/or accumulated in sewage sludges. For example, di-2ethylhexyl phthalate (DEHP) is a common plasticizer that is now considered a priority pollutant and is known to accumulate in sludges. This may add constraints to the exploitation of the beneficial uses of sludges that contain significant quantities of plasticizers. Recently, it was demonstrated in studies with pure cultures that the biodegradation of plasticizers including DEHP and di-ethylhexyl adipate (DEHA) generates toxic metabolites including 2-ethylhexanoic acid, 2-ethylhexanol, and 2-ethylhexanal. However, the environmental impacts and fate of the degradation products arising from plasticizers are unknown. Therefore, this work investigated the concentrations of DEHP and DEHA and their metabolites in the sludges from several STPs in Quebec, Canada. DEHP and DEHA were found in concentrations ranging from 15 to 346 mg kg 21 and 4 to 743 mg kg 21 , respectively, in primary, secondary, digested, dewatered or dried sludges.
INTRODUCTION
Anthropogenic activities involving xenobiotics such as plasticizers, pharmaceuticals, personal care products, pesticide residues and gasoline additives can result in the release into the environment of toxic organic compounds with carcinogenic, teratogenic and/or endocrine disrupting properties. These compounds eventually reach sewage treatment plants (STPs) and can be concentrated in sewage sludges. This, in turn, may add constraints to the ultimate disposal of these sludges and/or possibilities for their beneficial uses (CEC 2000; Birkett & Lester, 2003) .
Processes for the stabilization and dewatering of sewage sludges can remove organic pollutants to a certain extent, either through biological and chemical degradation, and result in their transformation into volatile compounds (Birkett & Lester 2003) . These transformations may also result in the formation of more problematic compounds, such as in the case of the degradation of alkyphenols to toxic intermediates such as octylphenols and nonylphenols that exhibit endocrine disrupting properties.
Plasticizers are xenobiotics that are of particular concern because of the extent of their use in commercial applications and growing recognition of the potential threats they pose to human health and ecosystems (Gomez-Hens & Aguilar-Caballos 2003; Rahman & Brazel 2004) . Plasticizers are used to impart properties such as flexibility and workability to plastics for effective processing and tailoring of plastic formulations (Sears & Darby 1982) .
Their importance as industrial chemicals is demonstrated by their rate of use, which is estimated to be millions of plasticizers are not chemically bound to the polymers and can migrate from plastic products during normal use and following their disposal (Fromme et al. 2002) . Thus, many studies have shown their wide distribution in the environment and their occurrence in the effluents and sludges of STPs and in surface waters that receive treated effluents (Fromme et al. 2002; Fauser et al. 2003; Gavala et al. 2003; Martineen et al. 2003) . The common plasticizer di-ethylhexyl phthalate (DEHP) is among the most important organic contaminants in urban wastewaters and sewage sludges (Birkett & Lester 2003) and has been classified by the European Commission as a priority organic pollutant for land application of sludge due to its abundance in sludges and its toxicity (CEC 2000) .
DEHP, also known as di-octyl phthalate or DOP, is the most commonly used plasticizer. It has been estimated that phthalate plasticizers constitute approximately 92% of plasticizer production in the world, with DEHP alone accounting for approximately 50% of this amount (Lunberg et al. 1992; Rahman & Brazel 2004) . Another plasticizer in widespread use is di-2-ethylhexyl adipate (DEHA). It accounts for approximately 5% of the plasticizer market (Edenbaum 1992) and is used in a wide variety of plastic applications, particularly where flexibility is required at low temperatures as cling wraps, packaging and medical products (Keith et al. 1992; Rahman & Brazel 2004) .
Important questions remain about the environmental implications of plasticizers in the environment (Rahman & Brazel 2004) . In particular, little is known about the environmental impacts and fate of products arising from the breakdown of such pollutants in effluents and sewage sludges. It has been recently demonstrated that pure cultures of common soil micro-organisms can partially degrade di-ester plasticizers such as DEHP and DEHA into metabolites including mono-esters, 2-ethylhexanol, 2-ethylhexanal, and 2-ethylhexanoic acid (Nalli et al. 2002; Gartshore et al. 2003; Nalli et al. 2006) . The pathways for the degradation of di-ester plasticizers that result in the formation of these metabolites are shown in Figure 1 .
Studies under controlled laboratory conditions reveal that these metabolites are more toxic than the original plasticizers and can resist further biodegradation (Horn et al. 2004; Nalli et al. 2006) . Field studies have also recently reported the presence of DEHP and DEHA and two of the metabolites, 2-ethylhexanol and 2-ethylhexanoic acid, in surface waters, river sediment, freshly fallen snow, and even in tap water in an urban region (Horn et al. 2004) . The presence of the third metabolite, 2-ethylhexanal, was not reported in most early degradation studies, most likely due to the high volatility of this compound and its tendency to partition into the gas phase. However the production of this compound and its role in the degradation pathway has recently been confirmed (Nalli et al. 2006) . Despite the results of these laboratory and field studies, it is still not evident how readily the degradation products of plasticizers will, form, accumulate, and/or persist in STPs process streams, where mixed consortia of micro-organisms can be present. It is also unknown whether such compounds will tend to be found in sewage sludges.
Given that plasticizers and their degradation products may pose a threat to ecosystems after the release of stabilized or dried sludges in the environment, a study of the fate of these compounds is warranted. In particular, it is essential to evaluate their prevalence in various types of Table 1 . Samples were manually collected in a stainless steel container and poured into glass vials that were covered with aluminium foil to prevent exposure to light. All glassware was pre-rinsed with HPLC-grade water, acetone and chloroform to avoid potential contamination of samples with plasticizers. No contact with plastics was allowed during sampling and aluminium foil was used as a barrier between screw tops and samples. Semi-solid and solid samples were maintained at 4 8C after collection and during transport. They were stored at -20 8C until they were freeze 
RESULTS AND DISCUSSION
The concentrations of the DEHP and DEHA in the sewage sludges from seven STPs are shown in Table 2 . DEHP was found in all types of sludges. The magnitude of the concentrations of DEHP observed here are consistent with earlier studies where DEHP concentrations were reported to range from 3 to 203 mg kg 21 dry weight in sewage sludges (Webber & Lesage 1989; Marttinen et al. 2003) . Adsorption on suspended solids is an important way of removing many organic compounds during conventional wastewater treatment (Birkett & Lester 2003) . DEHP, which is characterized by a high log K ow of 7.5, will tend to accumulate in sludges (Fountoulakis et al. 2006) .
Activated sludge systems are known to biodegrade a significant fraction of DEHP entering STPs (Fauser et al. 2003; Marttinen et al. 2003; Roslev et al. 2007) . DEHA, which has a log K ow of 6.1 that would favour its partitioning onto the solid phase, was also found in most samples except in the digested and dewatered sludges of one STP (i.e. Gatineau). The occurrence of DEHA in sewage sludges has not been reported previously. DEHA could be less important for shorter retention times, as seems to be the case for the Quebec STP in Table 2 . Moreover, as suggested by the work of Fang and Zheng (2004) , in activated sludge systems (i.e. Gatineau, Granby and Victoriaville), the recirculation of sludge biomass will also increase the likelihood of biodegradation due to longer retention times.
The process of concentrating the sludge would have been expected to result in higher concentrations of DEHP and DEHA. However, plasticizer concentrations actually decreased during the thickening process for the samples collected at the Quebec STP and for DEHP at the Gatineau STP. This suggests that there was either a relatively high rate of biodegradation activity in the Quebec and Gatineau thickened sludges or that a significant fraction of the DEHA and DEHP found in sludges were in the liquid phase and were removed during thickening. The latter explanation is not as likely due to the low solubility of these compounds in water. (Birkett & Lester 2003) . Anaerobic biodegrada-tion (i.e., by reductive halogenation, nitroreduction and sulfoxide reduction) may occur during sludge homogenization, thickening, anaerobic digestion and dewatering;
however, at present, it is unknown whether the same Therefore, it is very likely that the metabolites would have either been thermally oxidized or volatilized during this drying process.
CONCLUSIONS
The results of this study indicate that the sludges produces by urban wastewater treatment plants are consistently contaminated with plasticizers and their toxic metabolites. This is relevant to practitioners who wish to develop sustainable practices for sludge use or disposal. For example, Gatineau, Granby and Victoriaville STPs have opted for land application of a portion of their sludges and the Montreal STP is planning to do the same in the near future. Due to their fairly high plasticizer content, once stabilized or dried sludges are applied to land, they will act as pollutant reservoirs that slowly biodegrade under the influence of common soil microorganisms to produce the metabolites 2-ethylhexanal, 2-ethylhexanol and 2-ethylhexanoic acid. Given the widespread use of plasticizers and their ubiquity in the environment, this is a source of significant concern. To address these problems, it will be necessary to either (1) develop approaches to minimize the release of plasticizers into sewer systems or (2) improve or optimize processes for the stabilization of sludges to achieve the removal of plasticizer-related contaminants. To favour the beneficial uses of sludge, it is recommended that plasticizer and toxic metabolite removal must be an important consideration during the development or the optimization of sludge treatment processes. Ultimately, it will be necessary to develop eco-friendly alternatives to common plasticizers to minimize the introduction of these compounds and their degradation products in the environment.
